Mycolic acid-containing actinomycetes capable of metabolizing nitriles were recovered from deepsea sediments and terrestrial soils by enrichment culture on acetonitrile, benzonitrile, succinonitrile or bromoxynil. A total of 43 nitrile-degrading strains were isolated and, together with previously recovered nitrile-degrading rhodococci, were identified by a polyphasic taxonomic approach, which included mycolic acid profiles, pyrolysis mass spectrometry (PyMS), genomic fingerprinting based on sequence variability of the 16S ribosomal RNA gene using polymerase chain reaction-restriction fragment length polymorphism-single-strand conformational polymorphism, and 16S rRNA gene sequence comparison. Isolates phylogenetically related to Rhodococcus erythropolis dominated the culturable microorganisms from most marine and terrestrial samples. These isolates clustered together in a major pyrogroup that showed high congruence with PRS profiles of the 16S rRNA gene. Such high congruence also was obtained for other recovered isolates that were assigned to species of Rhodococcus and Gordonia. Sequencing data validated the results obtained by PRS analysis and enabled phylogenetic relationships to be established. Some of the recovered bacteria probably represent novel microbial species. The fact that nitrile-metabolizing microorganisms were recovered from a wide range of habitat types suggests that nitrile transforming enzymatic activity is geographically widely distributed in nature.
Introduction
Nitriles are organic cyanide-containing compounds that provide important feedstocks for chemical syntheses (Bunch, 1998; Liese et al., 2000) and also arise as toxic by-products of industrial processes, and as pesticides (McBride et al., 1986; Wyatt and Knowles, 1995) . There are two mechanisms via which microorganisms hydrolyse nitriles to the corresponding carboxylate compounds, liberating nitrogen as ammonia (Thompson et al., 1988) : a one-step system in which the nitrile is converted directly to the corresponding carboxylic acid is catalysed by nitrilase, and a second system involving a two-step conversion of the nitrile through a corresponding amide to carboxylic acid, is catalysed by nitrile hydratase and amidase respectively. The use of enzymes as nitrile-transforming catalysts is very attractive economically and environmentally for the production of acrylamide and acrylates because reaction conditions are less severe than those of chemical processes and very pure products can be obtained without formation of undesirable by-products (Jallageas et al., 1980; Nagasawa and Yamada, 1989; Liese et al., 2000; OECD, 2001) . Most of the organisms so far isolated that have this enzymatic activity are members of the mycolic acid-containing actinomycetes, with rhodococci commonly found to possess the most interesting and active nitrile-hydrolysing enzymes (Bunch, 1998) . Rhodococcus species possess the ability to degrade a wide variety of organic compounds and have proved to be useful for a range of biotransformations, including enantioselective synthesis and the production of amides from nitriles (Warhurst and Fewson, 1994) . In particular, the biotransformation of acrylonitrile to acrylamide by Rhodococcus rhodochrous strain J-1 has had a major impact in the production of this commodity chemical (Yamada and Kobayashi, 1996; OECD, 2001) .
The majority of nitrile degrading rhodococci reported in the literature have been recovered from terrestrial sources and only recently have they been reported from a coastal marine sediment in Denmark (Langdahl et al., 1996) , and from deep-sea sediments from the NW Pacific Ocean (Colquhoun et al., 1998a; Heald et al., 2001) . The diversity of microorganisms in the marine environment is much greater than was previously thought (Jensen et al., 1991; Grassle and Maciolek, 1992; Ducklow, 1999; Li et al., 1999; Staley and Gosink, 1999; Turley, 2000) and, from a biotechnological point of view, this biome, especially its deep-sea component , represents a key environment to search for and discover novel microorganisms with exploitable metabolic properties. High pressure, low temperature, low nutrient concentrations and medium to high salinity are common characteristics of the deep-sea environment (Yayanos, 1995) , the implications of which may be considerable when prospecting for novel or improved biocatalysts (Whyte et al., 1996; Deming, 1998; Bull et al., 2000) . Consequently, we have sought to recover culturable nitrilemetabolizing bacteria from deep-sea sites, and to characterize them in terms of their taxonomy and nitrile enzymes. In this paper, we focus on the diversity of nitrilemetabolizing mycolic acid-containing actinomycetes and compare deep-sea isolates with those recovered by identical methods from an extensive geographic range of terrestrial and freshwater habitats.
The following experimental strategy was deployed in this study: (i) recovery of nitrile-metabolizing bacteria by enrichment isolation culture. The technique, based upon an ability to assimilate a substrate of choice, is a proven method for recovering targeted organisms from environmental samples (Wackett and Hershberger, 2001 ); (ii) visual inspection of colonies on primary isolation plates for the presence of rhodococci and related mycolate actinomycetes, and preliminary confirmation on the basis of mycolic acid profiling (for examples, see Colquhoun et al., 1998a) ; (iii) discrimination of mycolate actinomycetes before taxonomic characterization. From a biotechnological perspective, the requirement for rapid and unambiguous discrimination of large numbers of isolates is a crucial step in screening for natural products or biocatalytic activities. In this context, the ideal procedure should be universally applicable, require small, easily prepared samples, provide rapid and highly reproducible data, and handle high throughputs . All these requirements can be met by pyrolysis mass spectrometry (PyMS; Magee, 1993) . We have used this chemometric technique for sorting large collections of deep-sea actinomycetes (Colquhoun et al., 1998b; Mexson and Bull, 1999) and shown that PyMS categorization is directly ascribable to their phenotypic and genotypic variation (Colquhoun et al., 2000; Brandão et al., 2002) . Genetic (i.e. infraspecies) variation within the collection of isolates was defined by the use of polymerase chain reactionrestriction fragment length polymorphism-single-strand conformational polymorphism (PCR-RFLP-SSCP, or PRS; Clapp, 1999; Clapp et al., 2001) . PCR-RFLP per se may lack the sensitivity required for assessing the genetic diversity of environmental isolates (for example, WagnerDöbler et al., 1998) , hence PRS has been our method of choice for such analysis; and (iv) preliminary taxonomic assignment of selected isolates by 16S rDNA sequencing, following PyMS and/or PRS presequencing. The taxonomic position of putatively novel taxa was established by comprehensive polyphasic taxonomy .
Results

Isolation of nitrile-metabolizing mycolata
In this study, it was not possible to recover nitrilemetabolizing isolates from all of the 46 environmental samples used in the batch enrichments (Tables 1 and 2 ), but this technique enabled the recovery of five deep-sea isolates and 24 terrestrial isolates from 10 of the sediment and soil samples used (Table 3) . Only one deep-sea sediment (Suruga Bay, #871, 1521 m) was used for chemostat enrichment because only it was available in sufficient amount to inoculate a fermenter vessel; nevertheless, 14 isolates were recovered from this marine sediment. The use of the two enrichment techniques allowed us to obtain three different nitrile-metabolizing species of Rhodococcus from this Suruga Bay sediment: using batch culture, we obtained an isolate that was later found to be phylogenetically related to Rhodococcus opacus (871-AN040) whereas, using chemostat enrichment, we recovered isolates phylogenetically related to Rhodococcus equi (871-AN029 and 871-AN030) and Rhodococcus erythropolis (871-AN053). Direct plating of environmental samples onto nitrile-containing agars was also made but bacteria able to assimilate nitriles could not be recovered. The survey reported in this paper was restricted to culturable bacteria that could be isolated and grown at atmospheric pressure and under aerobic conditions, and 43 isolates, recovered by batch or chemostat enrichment were selected for analysis (Table 3) . Two previously isolated nitrile-metabolizing deep-sea strains of R. erythropolis 122-AN065 and 67-BEN001 (Heald et al., 2001) , respectively, from the Ryukyu (5425 m) and Japan (6475 m) Trenches, also were included in this study.
Nitriles with different chemical structures and properties were used as a means of recovering microorganisms with diverse nitrile-metabolizing abilities, i.e. microorganisms possessing nitrile hydratase and/or nitrilase enzymes with distinct activities and substrate specificities. In total, 81% of all isolates were recovered using acetonitrile as the enrichment substrate; on the other hand, enrichments using benzonitrile, succinonitrile or bromoxynil were not so successful, yielding 12, 5 and 2%, respectively, of all recovered isolates. The use of different nitriles to enrich organisms from the same environmental sample proved successful with the Argentinean, British and Namibian soil samples (Table 3) . Thus it was possible to recover nitrilemetabolizing R. erythropolis strains on acetonitrile (ARG-AN021, 23, 24 and 25), R. rhodochrous strains on benzonitrile (ARG-BN062 and ARG-BN064), and a Gram-negative bacterium on bromoxynil (ARG-BRX066). From the British environmental sample, R. erythropolis strains (ENG-AN33, 34 and 35) were recovered on acetonitrile, and a nitrile-metabolizing, Gram-negative bacterium (ENG-SN035) on succinonitrile. Similarly, benzonitrile-metabolizing Gordonia namibiensis strains (NAM-BN063A
T and NAM-BN63B; Brandão et al., 2001 ) and a bromoxynil-metabolizing, Gram-negative strain (NAM-BRX065) was isolated from a Kalahari sandy soil.
Pure cultures of the isolates were able to grow on the nitrile used for their enrichment, and this was taken as evidence that the environmental sources contained bacteria with nitrile-metabolizing properties. In the case of the marine isolates, this was further investigated by growing certain purified strains at high pressure, thus simulating the conditions found at the in situ depth from where the sediments were collected (Heald et al., 2001 ). These latter strains were able to grow at pressures of 40-60 MPa in contrast to terrestrial isolates that could not resist such high pressures.
The marine bacteria were recovered principally from bathyal sediments (i.e. above 2000 m) taken from Suruga Bay (Table 3) . However, no nitrile-metabolizing organisms could be recovered from any of the Sagami Bay sediments, which were collected at depths similar to those of the Suruga Bay sediments (Table 1) . Only two nitrilemetabolizing bacteria were recovered from all abyssal (i.e. between 2000 and 6000 m) and hadal (i.e. below 6000 m) marine sediments examined: Ryukyu Trench (5425 m) and Japan Trench (6475 m) respectively. Terrestrial nitrile-utilizing isolates were recovered from most habitat types sampled (Table 3) : cultivated soil, hot and cold desert soils, subtropical and tropical forest soils, peat, lake sediment, and mangrove mud. Nitrilemetabolizing organisms were not recovered from the geothermal water and sediment samples (Table 2) .
Colony morphologies of the isolates were not readily differentiated on nitrile agar but, when they were subcultured onto glucose yeast extract (GYE) agar, they produced stronger pigmentation that enabled better colony differentiation. The isolates produced circular or slightly irregular colonies with rough, smooth, or mucoid consistency and which were beige, cream, yellow, orange, pink or red in colour. These characteristics are usually found in Rhodococcus and other mycolate actinomycete strains (Goodfellow, 1989) . A total of 41 putative mycolate actinomycetes stained Gram-positive, had a coccoid cell morphology, and on thin-layer chromatography (TLC) analysis produced mycolic acid spots ( Table 3 ), suggesting that they were members of the family Nocardiaceae (Stackebrandt et al., 1997) . All strains that were found subsequently to be taxonomically related to R. erythropolis had a mycolic acid with a consistent R f value of 0.42 (Table 3) , whereas the strains related to other Rhodococcus species varied between 0.44 and 0.47; strains related to Gordonia species had an R f value of 0.52. Mycolic acids were not detected on TLC plates for the four Gramnegative strains ENG-SN055, NAM-BRX065, ARG-BRX066 and AUS-AN068 (Table 3) . Out of the 21 sites sampled in the NW Pacific Ocean, only four yielded nitrile-metabolizing mycolate actinomycetes, whereas a very wide range of terrestrial geographical regions (six out of 11 locations) were positive for such organisms (Table 3 ). All 45 nitrile-metabolizing isolates, including R. erythropolis strains 122-AN065 and 67-BEN001, were used together with the actinomycetes reference species for further study by PyMS and PRS analyses.
Pyrolysis mass spectrometry
The thermal degradation of microbial samples by pyrolysis, commonly at 530°C, results in volatile fragments that can be detected by mass spectrometry (Magee, 1993) . The pyrolysis mass spectrum obtained contains the complete biochemical fingerprint of each particular microorganism and therefore is an expression of its phenotype. PyMS was made to discriminate the nitrile-metabolizing mycolata and sort them into clusters (pyrogroups) (Colquhoun et al., 1998a) . Figure 1 shows the dendrogram obtained from this analysis and the formation of four principal pyrogroups (A, B, C and D) at approximately 84% relative similarity. Good reproducibility was obtained with the duplicate sets of the triplicated samples analysed in this study (see isolates NAM-BN063B, AUS-AN068, ANT-AN007, R. erythropolis DSM 43066 T , 870-AN019, 871-AN040 and R. rhodochrous), which are indicated in the dendrogram by an (r) following the replicated strain ( Fig. 1) . Such reproducibility was not observed for isolates ARG-AN024, ENG-AN033 and 871-AN053 replicates but, subsequently, the samples of these strains were found to originate from contaminated GYE plates, strongly suggesting that the incorrect clustering was due to inaccurate ion counting for these replicates.
Pyrogroup A contained the strains recovered from a USA soil, which at 85% similarity are joined by the Rhodococcus coprophilus type strain. The USA-AN012 strain grown only for 3 days compared with the standard 5 days was also present in this pyrogroup. The Namibian isolates recovered by benzonitrile batch enrichment formed a separate pyrogroup B. Interestingly, with the exception of isolate ARG-BRX066, all strains that stained Gram-negative and did not possess mycolic acids (Table 3) clustered together in pyrogroup C. The major pyrogroup D included all of the remaining nitriledegrading isolates recovered from both marine and terrestrial sites and the reference species of mycolata genera. The formation of subpyrogroups D1, D2 and D3 occurred at a relative similarity of 97% but did not correlate with distinct geographic locations. Nevertheless, within each subpyrogroup, clusters of isolates recovered from the same geographic location were observed. Sub-pyrogroup D1 included the environmental isolates with three described strains of R. erythropolis (DSM 43066 T , 122-AN065 and 67-BEN001), suggesting that the members of this pyrogroup represented R. erythropolis, the one exception was the presence of type strain Dietzia maris. The remaining type strains were contained in subgroups D2 and D3 together with a variety of environmental strains.
PRS analysis
The 16S rRNA gene PRS profiles obtained for all recovered nitrile-degrading environmental isolates (not shown) were visually grouped by pattern similarity and individually coded. The shaded boxes in Fig. 1 show the seven groups (I to VII) of PRS patterns found for the different environmental isolates. Strains ARG-AN023, 871-AN029, 871-AN042, 871-AN049 and ARG-BRX066, which are not boxed, had a PRS pattern that was identical to types IV, V, IV, IV and III respectively. The geographically distinct environmental isolates, representing the different PRS pattern ( Heald et al., 2001) . types found, were combined in a new SSCP gel together with Rhodococcus and a Gordonia reference species (Fig. 2) ; this permitted a direct comparison between the PRS profiling of the environmental isolates to those of the reference species. Rhodococcus ruber and isolate USA-AN012 produced similar PRS patterns (pattern I), whereas isolate NAM-BN063A had similar pattern to Gordonia bronchialis (pattern II). All four Gram-negative strains resulted in different profiles (collectively identified as pattern III) that were clearly distinguishable from the remaining Gram-positive isolates (not shown). Pattern IV was found for R. erythropolis DSM 43066 T , deep-sea isolates 122-AN065, 67-BEN001, 870-AN019 and 871-AN053, and terrestrial isolates ANT-AN007, IND-AN014, ARG-AN024, ARG-AN025 and ENG-AN033. Identical PRS profiles were also found for R. equi and isolate 871-AN029 (pattern V), and R. opacus and isolates ANT-AN002 and 871-AN040 (pattern VI). The PRS pattern of environmental isolate ARG-BN062 (pattern VII) had certain bands that were similar to the R. rhodochrous profile (not shown) and other bands that were similar to the Rhodococcus pyridinovorans profile. The PRS patterns of the remaining reference strains were unique, except those of R. opacus and Rhodococcus percolatus, which produced visually identical patterns (pattern VI, Fig. 2 ; Brandão et al., 2002) . The PRS analysis was repeated several times for all isolates, and reference strains and the resulting PRS profiles were consistent for each replicate.
The PRS groupings obtained were compared with the PyMS pyrogroups (Fig. 1) . The congruence found between the two analyses for the environmental isolates was extremely good. Pyrogroups A, B and C corresponded, respectively, to PRS patterns I, II and III. The large subpyrogroup D1 placed together the isolates with PRS pattern IV, whereas subpyrogroup D2 contained isolates with PRS patterns V and VI in two well separated clusters. Finally, subpyrogroup D3 contained isolates with pattern VII. The incongruence observed between PyMS and PRS analyses, for the environmental isolates, occurred with strains ARG-AN023, ARG-BRX066, 870-AN029, 870-AN042 and 870-AN049.
16S rRNA gene sequence analysis
The data obtained from PyMS and PRS analyses was used to select mycolic acid-containing isolates for 16S RNA gene sequencing that appeared to be taxonomically distinct and that represented the geographical variety of terrestrial and marine locations from which they were recovered. Nine strains from terrestrial sites and seven strains from deep-sea sites were chosen for further study. The relationship between the nitrile-metabolizing isolates and reference species of mycolate actinomycete genera are represented in a phylogenetic tree (Fig. 3) . The remaining isolates (ANT-AN007, IND-AN014, ARG-AN024, ARG-AN025, ENG-AN033, 870-AN019, 871-AN053, 67-BEN001 and 122-AN065) all had 16S rRNA gene sequences that were identical to Rhodococcus sp. strain EK5 (Katsivela et al., 1999) , Rhodococcus sp. strain SRB1948-A07 (Colquhoun et al., 1998a) , Nocardia calcarea DSM 43188 and Nocardioides simplex ATCC 13260; the latter two organisms have been reclassified as R. erythropolis (Rainey et al., 1995; Yoon et al., 1997) . The sequence identity of these strains to R. erythropolis DSM 43066 T , the type strain of this species, was 99.4%.
Rhodococcus erythropolis was the species that dominated the nitrile-metabolizing rhodococci recovered from both marine and terrestrial sites. This species was recovered from almost all soils and sediments with the exception of the USA, Namibian and Australian samples. Certainly, this does not mean that R. erythropolis was not present in these soils, but probably that it was in lower proportion to the recovered strains, or, not able to metabolize the nitriles used for enrichment. The greatest microbial diversity was observed in the Suruga Bay sediment sample collected at 1521 m in depth, from which isolates were recovered that were taxonomically related to R. erythropolis, R. equi and R. opacus; and the Argentinean soil sample from which were recovered a Gram-negative bacterium and isolates taxonomically related to R. erythropolis and R. rhodochrous.
Discussion
A prime aim of this investigation was an assessment of the diversity of culturable nitrile-metabolizing bacteria to obtain novel nitrile enzymes for biotechnological applications. We recognize that culture-dependent approaches underestimate bacterial diversity, nevertheless, although molecular approaches provide an improved perspective on the diversity of prokaryotes in nature, they do not yield the organism themselves, something that may have prime importance for biotechnological processes development . Furthermore, such molecular surveying does not always detect organisms shown to be present by selective isolation procedures. For example, actinomycete diversity of NW Pacific Ocean deep-sea sediments revealed by selective isolation (Colquhoun et al., 1998b; Mexson and Bull, 1999) , was found to be higher than that obtained from 16S rRNA gene clone libraries (Li et al., 1999; Urakawa et al., 1999) .
Acetonitrile, either because of a low molecular weight and/or the presence of two polar groups, is highly soluble in water (Ahmed and Trieff, 1983) , which may facilitate transport into bacteria and explain why enrichments made with this aliphatic compound produced the highest percentage of isolations. On the other hand, the recovery of organisms enriched by benzonitrile, succinonitrile or bromoxynil was not so successful possibly because of their lower water solubility, related to their higher molecular weight and hydrophobicity (Ahmed and Trieff, 1983) . A further possibility could be the toxicity of these nitriles to microorganisms; for example, bromoxynil has been shown to be bactericidal and fungistatic to natural microbial populations (Smith and Fletcher, 1964) . Nevertheless, bacteria have been isolated using bromoxynil as a nitrogen source (McBride et al., 1986; Věková et al., 1995) . Layh and colleagues (Layh et al, 1997) demonstrated that enrichments could be made with different nitriles as a means of isolating a wide range of nitriledegrading activities. They showed that the nitrilehydrolysing systems of isolates usually had high activity against those nitriles used for the enrichment, moreover, with highly enantioselective activities. Our results are in accordance with those of Layh and colleagues (Layh et al., 1997) ; the use of different nitriles proved to be successful not only for obtaining isolates with high activities towards the nitriles used for their recovery (Brandão, 2002) , but also for recovering taxonomically distinct nitrile-metabolizing bacteria from the same soil sample (compare samples from Argentina, England and Namibia; Table 3 and Fig. 3) .
Although it remains unclear whether the actinomycete biota isolated from marine sediments is indigenous, or whether it is the consequence of terrestrial run-off, the differential responses of deep-sea and terrestrial rhodococci to temperature, salinity and especially high pressure (Colquhoun et al., 1998a; Heald et al., 2001 ) offer support to the first hypothesis. In the context of searching for novelty for biotechnology applications, the question of indigenous or terrestrial wash-in origins is not crucial. Terrestrial actinomycetes could have adapted to the conditions of the deep seas and subsequently undergone considerable speciation (Turley, 2000) .
Previously, we have reported the presence of Thermoactinomyces, an indicator of terrestrial run-off of terrigenous organisms (Attwell and Colwell, 1984) , in a proportion of deep-sea sediments (Colquhoun et al., 1998b; Mexson and Bull, 1999) . Particularly high numbers of thermoactinomycetes were found in sediment samples from Sagami and Suruga Bays, off-shore sites with substantial terrestrial material inputs (Urakawa et al., 1999) . The potential ingress of chemical pollutants to both of these sites suggested that nitrile-metabolizing bacteria could be present in these sediments. In the present study, nitrile-utilizing actinomycetes were recovered from two out of the three Suruga Bay sediments but there was no recovery from any of Sagami Bay sediments. On the other hand, two nitrile-utilizing isolates were recovered from the Ryukyu and Japan Trench sediments, which lacked evidence of terrestrial run-off (Colquhoun et al., 1998b) , whereas no positive isolates were found from putatively pristine trench sites, i.e. Okinawa Trough and Mariana Trench, or the putatively contaminated site Izu Bonin Trench. Colquhoun (Colquhoun et al., 1998b) reported that the recovery of target actinomycetes appeared to be associated with the presence of thermoactinomycetes in most deep-sea sediments, although actinomycetes also occurred in the absence of the terrestrial wash-in marker organism for the Okinawa Trough, some Japan Trench sediments, and also for a Ryukyu Trench sample. One explanation for the zero or low recovery of isolates could be due to the low mycolate actinomycete numbers in deep-sea sediments, where, in most cases, actinomycetes are believed to constitute less than 1% of the total culturable bacteria (Weyland, 1969; Goodfellow and Haynes, 1984; Colquhoun et al., 1998b) . The presence of cryptic nitrilehydrolysing enzyme genes in microorganisms could also be a factor in low recovery as cryptic genes can be present in bacteria but not be expressed unless stimulated by particular inducers or under specific conditions (Kato et al., 2000) . Moreover, the use of dilution to extinction enrichments would have been helpful to obtain pure cultures of marine bacteria that frequently grow poorly on solid media and of oligotrophic microorganisms (Button et al., 1993) .
With the exception of the USA cultivated soil, none of the terrestrial samples was suspected to originate from areas that had contact with synthetic nitrile compounds, suggesting that nitrile-utilizing bacteria are common to all of these environments. The distribution of nitrilehydrolysing enzymes in microorganisms appears to be restricted (i.e. Arthrobacter, Bacillus, Brevibacterium, Corynebacterium, Nocardia, Pseudomonas, Rhodococcus, Fusarium; Bunch, 1998; Cowan et al., 1998) , but their physiological role in bacteria was, until recently, unclear. In plants, nitrile-hydrolysing enzymes are known to be implicated in the degradation of glucosinolates (Bestwick et al., 1993) , and it has been suggested that these enzymes are part of complex pathways controlling the synthesis and metabolism of cyanogenic glycosides, in which aldoximes are key intermediates (Sibbesen et al., 1995; Vetter, 2000) . Recently, the role of nitrilehydrolysing enzymes in bacteria has been elaborated Kato et al., 1998) . These authors found aldoxime-degrading strains of Bacillus and Rhodococcus that metabolized aldoximes via nitriles to the corresponding carboxylic acid by a combination of novel aldoxime dehydratase and nitrile-hydrolysing enzymes. In a later publication, this group reported that the ability to degrade aldoximes was widely distributed in bacteria (including actinomycetes) fungi and yeasts, and that all of the active strains not only exhibited the aldoxime dehydration activity to form nitrile but also nitrilehydrolysing activity (Kato et al., 2000) . Furthermore, all the well known nitrile-metabolizing microorganisms used in the Japanese study exhibited not only nitrilehydrolysing activity but also aldoxime dehydration activity, when cultured with aldoxime. Our strains have not been tested for aldoxime dehydratase activity but given the results obtained by Kato and colleagues (Kato et al., 2000) for hitherto known nitrile degraders, we suspect this enzyme could be present in our environmental isolates. As aldoximes are intermediates in the biosynthesis of plant natural products (at least 2500 taxa belonging to many plant Families; Vetter, 2000) , nitrilehydrolysing enzymes may be part of the metabolic machinery for their utilization by microorganisms . Furthermore, if aldoxime dehydratase and nitrile-hydrolysing enzymes are important in the catabolism of plant cyanogenic glycosides (Vetter, 2000) and are widely distributed among microbial taxa (Kato et al., 2000) , it should not be surprising to find these activities in bacteria recovered from geographically diverse environments.
The preliminary grouping of environmental isolates based on mycolic acid profiles gave useful clues on the taxonomic diversity of the recovered actinomycetes (Table 3) and were in accordance with the data reported by Colquhoun and colleagues (Colquhoun et al., 1998a) for deep-sea mycolata. Each Rhodococcus strain produced a single mycolic acid spot on TLC plates (R f 0.42-0.47), which was readily distinguished from that produced by strains of Gordonia (R f 0.52).
Due to the large number of isolates to differentiate and characterize, a procedure was required that would provide rapid and highly reproducible discrimination, and for this reason we selected PyMS and PRS analyses, which previously have proved highly satisfactory (Colquhoun et al., 1998b, Mexson and Bull, 1999; Colquhoun et al., 2000; Brandão et al., 2002) . The congruence found between PyMS and PRS analyses was extremely good (Fig. 1) and confirmed previous analyses . Previously, we also showed a high congruence between PyMS and extensive numerical taxonomic analysis (Colquhoun et al., 2000) and this, together with the congruence found between PyMS and PRS analysis, strongly recommends the two latter methods for rapid and reliable phenotypic and genotypic characterization of unknown strains in large screening programmes.
Apart from a few Gram-negative bacteria, all the nitrilemetabolizing isolates that we recovered were taxonomically related to actinomycete genera. This is not surprising as actinomycetes, particularly rhodococci, are common in many environmental niches from soils to seawater (Goodfellow and Williams, 1983; Finnerty, 1992; Colquhoun et al., 1998b) , and frequently exhibit remarkable abilities to degrade many organic compounds (Warhurst and Fewson, 1994) . All of the Rhodococcus strains recovered from the deep-sea sediments had 16S rRNA gene sequences similar to described rhodococci species. The nitrile-metabolizing isolates related to R. erythropolis (ANT-AN007, IND-AN014, ARG-AN024, ARG-AN025, ENG-AN033, 870-AN019, 871-AN053, 67-BEN001 and 122-AN065) had a 16S rRNA gene sequence that was identical to N. calcarea DSM 43188 (R. erythropolis DSM43188), and Rhodococcus sp. strains SRB1948-A07 and EK5, but only 99.4% similarity to the reference strain R. erythropolis DSM 43066 T . Similar results of sequence similarity were reported by Langdahl and colleagues (Langdahl et al., 1996) for the marine nitrile-metabolizing Rhodococcus sp. strain BL1, which showed higher similarity to N. calcarea than to a R. erythropolis reference strain. The bootstrap value of 59% in the phylogenetic tree (Fig. 3) suggests that the R. erythropolis isolates with identical 16S rRNA gene sequence, although closely related to R. erythropolis DSM 43066
T probably do not represent the same species. These results reflect the opinion of some actinotaxonomists, that R. erythropolis is an under-speciated taxon (M. Goodfellow, personal communication) . The two most closely related Rhodococcus species, R. opacus and R. percolatus (Briglia et al., 1996) share a 16S rRNA gene similarity of 99.3% and a DNA:DNA relatedness value of 71%. Such molecular data reinforces the view that our nitrile-hydrolysing strains taxonomically related to R. erythropolis could represent novel taxa, although this should be confirmed by DNA:DNA hybridization analyses.
Both Namibian strains recovered from benzonitrile batch enrichments, NAM-BN063A
T and NAM-BN063B, were closely related (99.3% 16S rRNA gene similarity) to G. rubropertincta DSM 43197 T . A complete taxonomic study has been performed for these strains , and results have shown that phenotypic tests could distinguish them from all of the representatives of the validly described species of Gordonia and that the DNA:DNA relatedness value of strain NAM-BN063A T and G. rubropertincta DSM 43197 T was only 14.2%. These strains have now been described as novel nitriledegrading Gordonia species, G. namibiensis sp. nov. . These 16S rRNA gene sequence similarities together with the phylogenetic position of the two recovered strains, ARG-BN062 and 871-AN040, with representatives of the suborder Corynebacterineae (Fig. 3) , suggest that they could represent novel Rhodococcus species. However, additional taxonomic work is necessary to further characterize these environmental isolates.
Several previous studies have shown that nitriledegrading microorganisms can be recovered from soils and sediments (Watanabe et al., 1987; Martínková et al., 1992; Cramp et al., 1997; Heald et al., 2001 ) but the geographic distribution of these isolates was not discussed. In our study, we recovered different nitrile-metabolizing bacteria from deep-sea, terrestrial and freshwater samples taken from a wide range of geographically distinct locations. Although a detailed assessment of geographical distribution of nitrile-degrading actinomycetes in this study is restricted, because of the limited number of strains we analysed, the fact that nitrile-transforming enzymes were found in organisms recovered from a wide range of habitats and geographic locations demonstrates that this activity is well distributed in nature. The nitrile hydratase and amidase activities of these isolates have been determined (Brandão, 2002) and a wide range of activities and substrate specificities derived from the diverse geographical sites. Furthermore, the nitriletransforming enzyme genes of some of these strains were unique to the geographical region from which the organisms originated.
This study showed that it is possible to recover nitrile-metabolizing mycolate actinomycetes from deepsea sediments and that their identity is similar to described terrestrial relatives. We also reconfirmed the potential of PyMS for rapid bacterial discrimination, as well as demonstrating the potential of PRS analysis of the 16S rRNA gene for rapid and reproducible identification of genetic diversity within actinomycete species. Marine and terrestrial nitrile-degrading strains recovered in this investigation can be considered novel at interand infraspecific taxonomic levels of diversity and present potentially exploitable properties for biotechnological use.
Experimental procedures
Chemicals
Nitriles were purchased from Sigma-Aldrich Company (Gillingham, UK) and were of the highest available purity. Other chemicals were obtained from commercial sources and were of reagent grade.
Environmental samples
Bacteria were recovered by enrichment culture from deepsea sediments and terrestrial soils. Soft sediments were collected aseptically from a range of sites in the NW Pacific Ocean, at depths ranging from 289 to 10 897 m, using the submersible fleet operated by the Japan Marine Science and Technology Center (JAMSTEC), and held in liquid nitrogen or at 4°C until analysed. Soil samples were collected aseptically from various terrestrial geographic locations at pristine, undisturbed sites, and stored at 4°C until analysed. Details of the sampling sites are shown in Tables 1 and 2 for the marine and terrestrial locations respectively.
Enrichment and isolation procedures
Batch enrichments as described by Heald and colleagues (Heald et al., 2001) , were used to recover bacteria from 21 marine sediments (Table 1 ) and 25 terrestrial soil and brackish and freshwater sediments (Table 2) . Sediment or soil (0.1-0.5 g wet weight) was added to 50 ml liquid mineral medium containing a nitrile compound and incubated at the desired temperature and agitation; the primary enrichment culture was sequentially subcultured into identical fresh medium at 7 day intervals, at which time aliquots were spread-plated onto mineral medium agar containing the enrichment nitrile; bromoxynil (BRX), succinonitrile (SN), benzonitrile (BN) and acetonitrile (AN) were incorporated in the enrichment medium at final concentrations of 0.18, 2.5, 10 and 20 mM respectively. These compounds were chosen to represent aliphatic, aromatic and dinitriles in an attempt to increase the recovery of diverse microorganisms with different nitrile-metabolizing capabilities. A chemostat enrichment was made with marine sediment #871 (Suruga Bay, 1521 m); sediment (5 g) was used to inoculate a reactor vessel containing 1500 ml enrichment medium supplemented with 20 mM acetonitrile as sole carbon source and the dilution rate was set at 0.014 h -1 . Bacteria were isolated from batch and chemostat enrichments by spread plating 0.1 ml aliquots of culture onto mineral salts agar containing the enrichment substrate, and incubating at 30°C. Colonies were streaked onto the same nitrile agar medium for isolation and then positive growths were streaked onto glucose yeast extract (GYE) (Gordon and Mihm, 1962) agar for strain purification; purified strains were tested for their ability to utilize the isolation nitrile in mineral salts broth. The purified strains were maintained on GYE agar at 4°C and as a suspension in 20% (v/v) glycerol at -20°C.
Colony morphology and Gram reaction were recorded for all strains, and thin-layer chromatography (TLC) of mycolic acids (Minnikin, 1988) was used as a preliminary step to distinguish mycolate genera of actinomycetes (Colquhoun et al., 1998a) . R f values were defined as the distance travelled by the mycolic acid from the origin relative to the distance travelled by the solvent front from the origin.
Reference strains
The following valid species of the genus Rhodococcus (see McMinn et al., 2000) , were included as reference strains in PyMS, PRS and other taxonomic analyses: R. rhodochrous (Type species), R. coprophilus, R. equi CUB 1050 T , R. erythropolis, R. fascians, R. globerulus, R. marinonascens, R. opacus, R. percolatus, R. rhodnii, R. ruber, R. wratislavensis and R. zopfii, together with R. koreensis and R. pyridinovorans (Yoon et al. 2000a; 2000b) . Other mycolate bacteria included for reference were the following type species: Dietzia maris, Gordonia bronchialis and Tsukamurella paurometabola.
Pyrolysis mass spectrometry
All isolates and reference strains were inoculated onto GYE agar plates poured from the same batch of medium and incubated at 30°C for 5 days. Inocula for these plates were previously grown on GYE agar plates. PyMS analysis was carried out as described by Colquhoun and colleagues (Colquhoun et al., 1998b) using various of the unknown and reference strains as replicate samples to test the reproducibility and discrimination power of the analysis.
PRS and phylogenetic analysis of the 16S rRNA gene
(AF420420), 871-AN040 (AF420421) and 871-AN053 (AF420422). The accession numbers for isolates NAM-BN063A
T and NAM-BN063B (G. namibiensis) 16S rRNA gene sequences have been published by Brandão and colleagues as AF380930 and AF380931, respectively, and those for isolates 122-AN065 and 67-BEN001 (R. erythropolis) 16S rRNA gene sequences have been published by Heald and colleagues (Heald et al., 2001) as AY044095 and AY044096 respectively.
